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Reactive oxygen species mediate functional
differences in human radial and internal thoracic
arteries from smokers
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Thierry P. Carrel, MD,d Friedrich S. Eckstein, MD,a,b and Martin T. R. Grapow, MD,a,b Basel and Bern,
Switzerland; and Frankfurt, Germany
Objective: Smoking not only increases the risk that coronary heart disease will develop but also morbidity and mortality
in patients with known coronary atherosclerosis and after coronary artery bypass grafting. Excessive generation of
reactive oxygen species (ROS) has been implicated as the final common pathway for the development of endothelial
dysfunction in various cardiovascular risk factors. This study assessed the influence of smoking on two different human
arteries routinely used as coronary artery bypass graft conduits.
Methods: Isometric tension was recorded on discarded segments of human left internal thoracic artery (ITA) and the radial
artery (RA) from smokers and nonsmokers.
Results: The contractile response to endothelin-1 was significantly stronger in arteries from smokers than in those from
nonsmokers. By contrast, endothelium-dependent relaxant responses to acetylcholine were attenuated in RA rings but
enhanced in ITA rings from smokers. In additional experiments, 5-(&6)-chloromethyl-2=-7=-dichlorodihydro-fluorescein
diacetate (DCDHF) was used to photochemically detect ROS by confocal imaging of intact ITA and RA. Enhanced production
of ROS was induced by exposure of tissues to 28°C. While during exposure to 28°C, basal fluorescence emission was
unchanged in ITA rings, it increased significantly in RA rings, indicating enhanced formation of ROS in this peripheral artery.
Conclusions: Data suggest that smoking induces endothelial dysfunction by increasing vascular ROS production.
Different levels of endogenous antioxidant enzyme activities and the degree of atherosclerotic changes might modulate
physiologic and pharmacologic vasoreactivity and be responsible for decreased graft patency of RA compared with ITA
conduits, especially in active smokers. ( J Vasc Surg 2010;51:438-44.)
Clinical Relevance. Attenuated responses to acetylcholine and enhanced production of reactive oxygen species in human
radial arteries compared with internal mammary arteries have suggested that smoking induces endothelial dysfunction by
increasing vascular reactive oxygen species production. Different levels of endogenous antioxidant enzyme activities in
both arteries might be responsible for different functional changes. The present data suggest that the type of vessel chosen
for coronary artery bypass grafting is important, and that especially in active smokers, radial artery conduits may lead to
decreased graft patency and worse patient outcomes compared with internal thoracic artery conduits.Cigarette smoking not only increases the risk that cor-
onary heart disease will develop but also morbidity and
mortality after coronary artery bypass grafting (CABG) and
in patients with known atherosclerosis.1-3 CABG repre-
sents an established method to treat advanced coronary
artery disease. Excellent results of patency in 90% of
patients 10 years after surgery have been reported with the
left internal thoracic artery (ITA) anastomosed to the left
anterior descending coronary artery.4
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438Because of encouraging early and midterm patency
rates, the radial artery (RA) has become the second choice
of arterial grafts for CABG.5 Long-term results of RA
grafts, however, are significantly lower than those of ITA
grafts. A recent large single-center study of 310 selected
patients with signs of recurrent ischemia after CABG re-
vealed that RA grafts had a significantly lower patency rate
(51%) compared with 90% for the ITA in the same clinical
setting.6
The propensity for the RA to vasospasm is well docu-
mented.7 In the vasculature, the endothelium plays an
important modulatory role on the flow and vascular tone by
releasing vasoactive products. Superfusion bioassays, allow-
ing analysis of released compound(s), demonstrated similar
baseline but reduced stimulation-induced production of
vasoactive substances from RA compared with ITA.8
Furthermore, ex vivo investigations have shown that
preoperative calcium entry-blocker therapy9 and existing
risk factors such as diabetes mellitus10 modify the func-
tional activity of RA and ITA in a different way. That
differences exist in the nitric oxide (NO●) release between
RA and ITA is well established and may account for the
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ies.8 In addition, diverse reactive oxygen species (ROS) are
produced in the vessel wall and contribute to many of the
abnormalities associated with vascular disease.11
Cigarette smoking modifies endothelium-dependent
vascular relaxation by way of enhanced degradation of NO●
by ROS.12,13 In general, patients with coronary artery
disease (CAD) respond to smoking with decreased coro-
nary blood flow, and long-term smoking primarily affects
coronary and peripheral arterial endothelial function.14
In the present, study the functional activity of samples
from ITA and RA obtained from patients with CAD was
evaluated ex vivo according to active smokers and non-
smokers. The results support the contention that active
smoking primarily affects the arterial function of the RA
and that ROS production is considerably stronger in the
RA than in the ITA.
MATERIALS AND METHODS
Approval for this study to use normally discarded vas-
cular samples was given by the university Ethics Commit-
tee. This investigation conforms with the principles out-
lined in the Declaration of Helsinki.
Tissue collection. Human ITA and RA segments
(length, 10 to 15 mm; inner diameter, approximately 1
mm) were obtained from 75 patients (40 smokers, 35
nonsmokers) undergoing elective myocardial revasculariza-
tion. Up to the day of surgery, most patients were being
treated with -blockers, calcium channel blockers, statins,
and angiotensin-converting enzyme (ACE) inhibitors (Ta-
ble I). The patients were usually premedicated with
droperidol (range, 2.5-5 mg) and atropine (0.5 mg) and
were anesthetized with a barbiturate and a halothane-
nitrous oxide mixture.
All RA were harvested as free grafts; by contrast, ITA
were prepared in a pedicle and were occluded by a clip at
the distal end or remained connected to the blood flow in
situ until implantation, as described previously.15 All grafts
Table I. Patient risk factors and preoperative therapy
Variablea
Nonsmokers Smokers P value
(difference)(n  35) (n  40)
Age, mean (range), y 64 (45-77) 60 (45-76) .031
Sex .023
Male 27 38
Female 8 2
Hypertension 27 (77) 22 (55) .044
Diabetes 6 (17) 5 (13) .571
Hypercholesterinemia 27 (77) 24 (60) .112
-blocker 23 (66) 31 (78) .257
Calcium entry
blockers 12 (34) 7 (18) .095
ACE inhibitors 12 (34) 25 (63) .015
Statins 23 (66) 26 (65) .948
ACE, Angiotensin-converting enzyme.
aUnless otherwise indicated, data are presented as No. (%).were harvested with the surrounding fat, and flushing withany spasmolytic solution or mechanical dilation of the
vessel was strictly avoided.
After removal, the samples were placed into sterile
Roswell Park Memorial Institute (RPMI) culture medium
or modified Krebs-Henseleit (KH) solution at room tem-
perature and transported to the laboratory within 5 min-
utes. The arteries were carefully dissected free from sur-
rounding tissues and cut into rings.
Drugs. The following drugs were used: endothelin-1
(ET-1), isoprenaline sulphate, (-)-noradrenaline hydrogen
tartrate (NA), potassium chloride (KCl), sodium nitroprus-
side (SNP; Sigma, Division of Fluka Chemie AG, Switzer-
land), acetylcholine chloride (ACh; Dispersa A.G., Hettlingen,
Switzerland), 5-(&6)-chloromethyl-2=-7=-dichlorodihydro-
fluorescein diacetate (DCDHF), Hoechst 33342, and Plu-
ronic F-127 solution (Invitrogen, Molecular Probes, Port-
land, Ore).
Endothelin-1 was dissolved in 5% acetic acid and di-
luted in distilled water to give an 0.1 mmol/L solution
containing 2% acetic acid. DCDHF was dissolved in anhy-
drous dimethyl sulfoxide to give a solution of 100 g/mL.
Samples of 10 mmol/L ACh, 10 mmol/L SNP, and 10
mol/L ET-1 were stored at –20°C until required. KCl
was stored as a solution of 2 mol/L at room temperature.
Serial dilutions were performed with distilled water or in
physiologic saline solution.
Organ bath studies. Arterial rings (length, 2 to 3
mm) were mounted between 2 hooks of stainless steel wire
(diameter, 0.15 mm) and suspended in 10 mL organ baths
containing modified KH solution (composition mmol/L):
NaCl 118, KCl 4.7,MgSO4 1.2, CaCl2 1.25, KH2PO4 1.2,
NaHCO3 25, glucose 11, ethylenediaminetetraacetic acid
0.03 (pH 7.4) at 37°C, gassed continuously with 5% car-
bon dioxide in oxygen. Changes in tone of the preparations
were recorded isometrically with electromechanical trans-
ducers (Statham model UC 3; Gould Inc, Oxnard, Calif)
and a potentiometric recorder.
At the beginning of the experiments, the rings were
stretched to an initial tension of about 1.5 g and allowed to
relax and equilibrate for about 2 hours in the bath medium.
During this time, the baseline tension of the rings was
readjusted to 1 g if required, and all vascular preparations
were challenged once with 1 mol/L NA. When the NA
effect was leveling off, the presence of endothelial function
was tested by adding 1 mol/L ACh. Concentration-
response curves for agonists were determined by cumula-
tive addition of the drug, the concentration being increased
when the maximum effect had been produced by the
previous concentration. All contractile responses were ex-
pressed in g.
When relaxant responses to ACh, SNP, and isoprena-
line were investigated, active tone was induced by increas-
ing the KCl concentration in the bathing solution to 30
mM, which elicited a stable tone of about 60% of the
maximal KCl effect. At the end of each relaxant response
curve to ACh and isoprenaline, 100 mol/L SNP was
added to the organ bath to elicit complete relaxation of the
arterial ring. Relaxant responses to ACh and isoprenaline
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Confocal microscopy. These experiments used tis-
sues stored for 20 hours in RPMI at 37°C. The arterial rings
were exposed in darkness to 50 mol/LHoechst 33342 to
stain endothelial cells and loaded for 30 minutes with 5
mol/L DCDHF, together with 10 mol/L pluronic
F-127 dissolved in 1 mL of KH solution. Thereafter, the
rings were washed in normal KH solution, carefully in-
verted, and mounted on two L-shaped hooks in a 35-mm
culture plate filled with 4 mL of KH solution. After being
placed on a custom-made microscope stage, imaging of
cells was performed using a Zeiss LSM 510 META laser
scanning system (Carl Zeiss Microimaging, Thornwood,
NY). The 488-nm line of an argon-krypton laser illumi-
nated the lumen side of the artery, and a high-gain photo-
multiplier tube collected the emission at 526 nm. The
scanned region yielded an image size of 512  512 pixels.
Noninvasive serial optical horizontal sections of differ-
ent areas of each artery were taken at depths of 50 to 150
m. From each artery, the emission of three selected re-
gions of interest (ROI) was scanned at detector sensitivities
of 650 to 900. Scans of the same regions were performed at
37°C and 28°C to record the effect of enhanced ROS
production.16
Data analysis. To detect differences in frequencies, 2
analysis was used. Concentration-response curves were an-
alyzed with the RS/1 program (BBN Software Products
Corp, Cambridge, Mass), and graphic illustrations were
made with Origin software (Microcal Software Inc,
Northampton, Mass). Where appropriate, one-way analysis
of variance (ANOVA) was performed, followed by the
Bonferroni-corrected t test to assign differences to individ-
ual between-group comparisons when overall significance
(P  .05) was attained. Data are presented as mean values
standard error of the mean.
RESULTS
Patient characteristics. The difference in age be-
tween smokers and nonsmokers was significant. Almost all
patients had multiple risk factors and were receiving multi-
ple drug therapy. There were no differences in frequency of
treatment with -blockers, calcium-entry blockers, and st-
atins. However, smokers and nonsmokers differed by the
frequency of receiving ACE inhibitors and the occurrence
of hypertension (Table I).
Organ bath experiments. Maximal contractile re-
sponses to ET-1 were significantly higher (P  .009 and
.039) in both ITA and RA when arterial samples were
obtained from smokers (Fig 1). This was confirmed by an
intraindividual analysis of contractile-response curves to
ET-1. In both ITA and RA obtained from the same pa-
tients, ET-1 produced significantly stronger contractile
responses of arteries fromsmokers comparedwithnonsmokers
(Table II). By contrast, the efficacy of NA was not signifi-
cantly different in either artery from both groups (not
illustrated).Relaxant responses to ACh were expressed as percent-
ages of the active tone induced by KCl (30 mM). In RA
from smokers, endothelium-dependent relaxant responses
to cumulative additions of ACh were significantly attenu-
ated (P .038), whereas the opposite was true for the ITA,
that is, ITA rings from smokers relaxed significantly (P 
.041) stronger than ITA rings from nonsmokers (Fig 2).
Two different methods were used for harvesting of ITA
grafts; therefore, data were also analyzed according to the
surgical method used. Leaving the ITA perfused during
harvesting improved slightly but not significantly the endo-
thelium-dependent responses to ACh compared with the
clipped ITA. In both clipped and perfused ITAs, however,
the relaxation was considerably stronger in rings from
smokers than in those from nonsmokers (Table III).
By contrast, endothelium-independent relaxations to
the NO● donor SNP revealed no significant differences
between smokers and nonsmokers. Compared with the
ITA, samples of RA relaxed significantly stronger, reflecting
differences in contractile force of both conduits (Table IV).
The same was true for the -adrenoceptor stimulant iso-
prenaline (not illustrated).
Confocal microscopy. The hydrogen peroxide-sensitive
fluorescent probe DCDHF was used to detect photochem-
ically enhanced production of ROS17 by confocal imaging
Fig 1. Cumulative concentration-response curves to endothelin-1
(ET-1) on arterial rings from smokers (SM, dashed line) and
nonsmokers (NS, solid line). Contraction was significantly stron-
ger in rings from (left) internal thoracic arteries (ITA; 32 SM, 38
NS) and (right) radial arteries (RA; 16 SM, 24 NS) from smokers
than from nonsmokers (P .05). Mean responses are expressed in
g, and the vertical bars represent standard error of the mean.
Table II. Intraindividual comparison of contractile
responses to endothelin-1 of radial and internal thoracic
arteries from smokers and nonsmokersa
Segment Nonsmokers Smokers
P value
(difference)
Internal thoracic
artery 1.49  0.24 2.64  0.35 .006
Radial artery 1.82  0.12 3.52  0.33 .001
P value
(intraindividual
difference) .118 .039 . . .
aResponses are expressed in g, data are presented as means standard error
of the mean, 12 rings in each group.of intact arteries. Recording of mean fluorescence at differ-
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gain curves covering a range of 250 U. A significant in-
crease of basal fluorescence in RA caused a shift to the left of
these curves by 41.5  5.9 U (P  .001) when the
temperature was reduced to 28°C, indicating enhanced
ROS production16 (Fig 3). By contrast, when tested on
ITA, reduction of the temperature to 28°C evoked no
significant change in basal fluorescence (Fig 4).
DISCUSSION
The most important findings of this study were (1) that
contractile responses to ET-1 were significantly enhanced
in both RA and ITA from smokers and (2) that endothelium-
dependent relaxant responses to ACh were significantly
attenuated in RA but enhanced in ITA from smokers.
ET-1 is an endothelium-derived 21-amino acid vaso-
constrictor peptide that is produced and released by endo-
thelial cells. It exhibits potent vasoconstrictor effects by
stimulating ET-A and ET-B receptors located on vascular
smooth muscle.18 At the same time, ET-1 elicits vasodila-
tion by stimulating ET-B receptors located on endothelial
cells.19 The significant enhancement of responses to ET-1
of both arteries from smokers therefore suggested impair-
ment of the endothelium-dependent vasodilator compo-
nent as well as enhancement of the constrictor component.
Smoking may contribute to the activation of Rho ki-
nase in vascular smoothmuscle cells.20,21 Rho is thought to
be associated with the plasma membrane, and its activation
results in myofilament Ca2	 sensitization, thereby modu-
lating contraction that occurs without a change in intracel-
lular Ca2	.22 The significant enhancement of contractile
responses to ET-1 in the present experiments therefore
suggested that smoking might activate Rho kinase, thereby
enhancing Ca2	 sensitivity of vascular smooth muscle in
both ITA and RA.
The present observations are in line with findings in
forearm blood flow in vivo, in which short-term smoking
Fig 2. Cumulative concentration-response curves to acetylcholine
(ACH) on arterial rings taken from smokers (SM, dashed line) and
nonsmokers (NS, solid line). Left, Relaxation of rings from the
internal thoracic artery (ITA) from smokers was significantly stronger
than in nonsmokers (20 SM, 22NS, P .041).Right,The opposite
was true on radial artery (RA) rings; that is, the endothelium-
dependent relaxation ofRA from smokerswas significantly attenuated
(10 SM, 8 NS, P .038). Mean responses are expressed in percent-
ages of the potassium chloride-induced tone. The vertical bars repre-
sent standard error of the mean.enhances ET-1–induced vasoconstriction, and long-termsmoking is associated with impaired endothelium-dependent
vasodilator response to low-dose ET-1, associated with a
diminished NO●-dependent component of basal vascular
tone.23 Furthermore, flow-induced vasodilation of the bra-
chial artery is significantly diminished in smokers compared
with nonsmokers,21,24 indicating that smoking is associ-
ated with altered endothelial function.21,25
These in vivo observations are also supported by the
significant attenuation of endothelium-dependent relaxant
responses of RA to ACh in the present experiments. Careful
studies, avoiding any hydrostatic and pharmacologic injury
to the endothelium during harvesting of the arterial seg-
ments, revealed significantly greater maximal endothelium-
dependent relaxation to ACh of the RA than of the ITA.26,27
In the present experiments, maximal endothelium-dependent
responses of RA from nonsmokers were also greater than
those of ITA, but the difference did not reach significance.
However, although the endothelium-dependent relaxant
responses to ACh of RA from smokers were significantly
attenuated, the opposite was true for the ITA. In the ITA,
endothelium-dependent relaxations are entirely mediated
by NO●, whereas in the RA, both NO●-dependent and
NO●-independent pathways appear to contribute to vascu-
lar relaxation.26 The NO●-independent relaxations of the
RA are susceptible to calcium-dependent potassium-
channel blockers and have characteristics consistent
with an endothelium-derived hyperpolarizing factor
(EDHF)-mediated relaxation.26 About 50% of the
endothelium-dependent vasorelaxation to carbachol is in-
dependent of NO●/prostanoid in the RA, and the evidence
suggests that EDHF makes a substantial contribution to
the vasorelaxation in this artery.26 This is supported by the
observation that raising the concentration of KCl in the KH
solution to 20 mmol/L reduces the maximal relaxation to
carbachol of RA by 28%.26 The active tone of the arteries in
the present experiments was induced by increasing the KCl
concentration in the organ bath to 30 mmol/L. It can be
presumed, therefore, that any EDHF-mediated compo-
nent(s) were eliminated, and that in both ITA and RA, the
relaxant responses to ACh were mediated by NO●.
Smoking-induced endothelial dysfunction is multifac-
torial and may be related to substrate deficiency, reduction
in endothelium-derived nitric oxide synthase activity, di-
minished release or enhanced degradation of NO●, and
exposure to atherogenic agents such as ROS. The present
functional data suggested that the resulting effects of these
factors may differ between different arteries. ROS can auto-
oxidize to form O2
●
 in biologic fluids, and O2
●
 can
interact with NO● to form peroxynitrite, thereby decreas-
ing the availability of NO●.13
Experiments with cultured human umbilical vein endo-
thelial cells24 and cultured human coronary artery endothe-
lial cells28 have demonstrated that after exposure to serum
from smokers, these endothelial cells possess significantly
lower endothelial nitric oxide synthase activity and produce
significantly less NO● than controls. Compared with coro-
nary smooth muscle cells, ITA smooth muscle cells have
been shown to possess significantly higher levels of antiox-
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ities, and higher nitrite production along with markedly
lower O2
●– levels than coronary smooth muscle cells.29,30
Moreover, the activity of superoxide dismutase is signifi-
cantly lower in the RA compared with that of the ITA.31
Further evidence for different superoxide dismutase levels
between ITA and RA has been presented by the observation
that under oxidative stress, ie, during incubation in DMEM
culture medium, RA segments produce significantly more
superoxide than ITA segments.32 These observations were
supported by the present experiments with DCDHF-stained
Table III. Endothelium-dependent relaxant responses to
chloride-induced tone of left internal thoracic artery (ITA)
ITA
Nonsmokers
Response, g Rings, No.
Clipped 21.1  3.3 14
Perfused 22.5  6.6 8
P value
(difference)
.417
aData are presented as means  standard error of the mean.
Table IV. Relaxant responses to sodium nitroprusside of
and nonsmokersa
Artery
Nonsmokers
Response, g Rings, No.
ITA 1.01  0.14 26
RA 2.13  0.18 10
P value
(difference)
.001
aData are presented as means  standard error of the mean.
Fig 3. Representative fluorescent photomicrographs of
5-(&6)-chloromethyl-2=-7=-dichlorodihydro-fluorescein
(right) 28°C. The horizontal bars indicate 100 m.arteries, where exposure to 28°C enhanced significantly fluo-rescence in RA rings but not in the ITA rings, indicating
enhanced propensity of the RA to produce ROS.
This study has a number of limitations. Ideally, in each
experiment, each patient should have contributed one sam-
ple of RA and another of ITA. This, however, would have
compromised the sample size considerably. Moreover, al-
though ITA rings from smokers responded with increased
endothelium-dependent relaxation to ACh in the present
study, Huraux et al33 observed the opposite, namely, di-
minished responses of ITA from smokers to ACh.
In the present study, significantly more smokers were
lcholine expressed as percentages of the potassium
r two different harvesting methodsa
Smokers
P value
(difference)Response, g Rings, No.
32.9  6.1 10 .041
36.4  11.8 10 .176
.396
l (RA) and internal thoracic arteries (ITA) from smokers
Smokers
P value
(difference)Response, g Rings, No.
0.98  0.12 26 .424
2.05  0.16 30 .390
.001
verted human radial artery (RA) segment stained with
etate (DCDHF) during exposure to (left) 37°C andacety
afteradiaan in
diactreated with ACE inhibitors than patients in the respective
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analyze whether treatment with ACE inhibitors might have
modified the endothelial function of ITA and RA from
smokers and nonsmokers in a different way. However,
Huraux et al33 investigated the influence of drug therapy,
including ACE inhibitors, on the degree of endothelium-
dependent vascular relaxation of the ITA and did not find
any influence. But even if the intake of ACE inhibitors
might have modified the endothelial function of the con-
duits in our study, the opposite behavior of both the RA
and ITA would remain evident.
CONCLUSIONS
The propensity for the RA to vasospasm is not due to its
use as a free graft but is characteristic for RA conduits
because right ITA grafts, which are often used as free grafts,
also have a significantly higher patency rate than RA grafts.6
It seems to be the nature of the graft that is the issue rather
than the style in which the graft is placed. In addition,
vasospasms of RA grafts are relatively resistant to treatment
with calcium channel-entry blockers,9 indicating the in-
volvement of a mechanism that is independent from cal-
cium influx. It might be possible, therefore, that activation
of Rho kinase or enhanced vascular ROS production, or
both, are responsible for the increased vasoreactivity of RA.
Different levels of both, the endogenous antioxidant en-
zyme activities31 and the propensity to develop atheroscle-
rotic changes,34,35 seem to mediate different functional
consequences of smoking for the RA and ITA.
The present data strongly suggest, therefore, that espe-
cially in active smokers, RA conduits may lead to decreased
graft patency and worse patient outcomes compared with
ITA conduits. However, large follow-up studies indicate
that the increased vasoreactivity of RA diminishes with
time36,37 and that smoking cessation reduces mortality and
the risk of cardiac death after CABG.3
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